The conformation of the self-complimentary DNA dodecamer d(br 5 CGbr 5 CGAATTbr 5 CGbr 5 CG) has been investigated in a variety of salt and solvent conditions by one and two-dimensional 1 H NMR. In low salt aqueous solutions, the molecule forms a regular B-DNA structure similar to the unmodified dodecamer. However, in aqueous solution containing high salt concentration and methanol, the dodecamer adopts a structure in which the br 5 CGbr 5 CG ends of the molecule are in a Z-DNA like conformation and the AATT region is neither standard B-DNA nor Z-DNA. The implications of these results for the structure of junctions between B and Z-DNA and the sequence specificity of Z-DNA are discussed.
INTRODUCTION
Z-DNA was first characterized as a structure adopted by DNA polymers composed of alternating dC and dG in high salt solutions, as assayed by spectroscopic changes in the CD spectrum 1 . The crystal structures of d(CG)a 2 and d(CG>2 3 showed that these spectroscopic changes did indeed correlate with a non-B-DNA structure, termed Z-DNA by Rich and co-workers 2 , which was a left handed double helix with alternating syn G and anti C Watson-Crick base pairs. Since purines adopt the syn conformation more readily than pyrimidines, strict alternation of purines and pyrimidines was originally thought to be a requirement for Z-DNA formation. Z-DNA formation has since been demonstrated in some sequences which contain A-T as well as G-C base pairs and also in some sequences which are not strictly alternating purine and pyrimidine (reviewed in 4,5). However, Z-DNA does not seem to form in stretches of d(A-T) n longer than a few base pairs 6 . Attempts have been made to predict the Z-DNA forming potential of various sequences 7 , and while the rules governing Z-DNA formation are not fully understood, it is clear that both A-T and out of purinepyrimidine alternation A-T and G-C base pairs increase the energy required for the B-Z transition in a given DNA sequence. If two or more A-T base pairs, either in purine-pyrimidine alternation or out of alternation, are inserted between runs of alternating d(CG) n , the entire sequence may adopt a Z-DNA structure or only the CG bases may be Z-DNA, depending on the conditions and the sequence 6 ' 8 ' 9 ' 10 . Such structures have been analyzed by means of two-dimensional gel electrophoresis and nuclease digestion studies 6 ' 8 . If Z-DNA does not form through the entire sequence, then there is effectively a junction region between the Z-DNA and non-Z-DNA regions. However, to date there have been no X-ray crystallographic or NMR structural studies of Z-DNA oligonucleotides containing more than two consecutive A-T base pairs.
In this work, we have used one and two-dimensional 1 H NMR to obtain qualitative information on the structure of the modified DNA dodecamer d(br 5 CGbr 5 CGAATTbr 5 CGbr 5 CG) under conditions where all or part of the molecule might adopt the Z-DNA conformation. The cytosines were brominated at the 5 position in order to make it easier to form Z-DNA, since this modification has been shown to strongly favor Z-DNA formation 2 , and it is difficult to effect the B-Z transition for short oligonucleotides in solution. 12 have shown that these sequences containing two out-of-alternation A-T base pairs will adopt a regular Z-DNA structure under appropriate conditions, with the thymine bases in the syn conformation. The sequence studied here contains four A-T base pairs, the first and fourth of which are out of purine-pyrimidine alternation with the rest of the molecule. The numbering scheme U3ed for the dodecamer and possible *CG*CG A A T T'CG'C G *=br5 G'CG'C T T A AG*C G*C a.
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Z-DNA HAIRPIN Scheme 1 structures which this sequence might adopt are illustrated below (Scheme I). We have found that under appropriate conditions (high salt, addition of methanol) the dodecaraer adopts a conformation in which the br 5 CGbr 5 CG ends of the molecule are in a Z-DNA like conformation and the AATT middle is neither B nor Z-DNA (Scheme I b). Thus, the sequence AATT disrupts the formation of Z-DNA for this molecule and a junction is formed between the Z-DNA ends and the middle of the molecule. This gives us information both on the sequence requirements for Z-DNA and on the structure of junctions between B and Z-DNA.
MATERIALS AND METHODS
Sample preparation. The DNA dodecamer d(br 5 CGbr 5 CGAATTbr 5 CGbr 5 CG) was synthesized by an improved phosphotriester method and purified as previously described 13 . The sodium form of the dodecamer was obtained by passage of the DNA over a Bio-Rad AGW50-X4 cation exchange column. Low salt samples were prepared by dissolving the DNA in water and adding appropriate amounts of NaCl for the desired final concentration. The pH was adjusted by addition of HC1 or NaOH. The sample was lyophilized and redissolved in D2O twice and transferred to a 5mm NMR tube. The sample was redried in the NMR tube under a stream of N2 (g) and redissolved in 99.996% D2O to a final volume of 400 (II and 2 mM DNA duplex. Samples in H2O were prepared by redrying and redissolving the sample in 90% H2O/10% D2O. Higher salt/methanol samples were prepared by addition of appropriate amounts of NaCl and MgCl2, drying the sample, and redissolving in the desired final amount of D2O or H2O followed by addition of methanol-d4 (99.5%, Aldrich).
1JMR. spectroscopy. All of the NMR experiments were carried out at 500 MHz on a General Electric GN500 spectrometer. Chemical shifts for the aqueous samples were determined from the chemical shift of H2O which had been previously calibrated as a function of temperature and salt relative to DSS. Chemical shifts for the samples containing methanol were determined using the methanol methyl peak as a chemical shift reference at 3.30 ppm. Onedimensional spectra in H?O were o obtain£d using a 11 spin echo pulse sequence (90 -X-90_ x -A-90x-2x-90_^-A) 14 . The delay X was adjusted so that tne region of maximum texcitation was centered between the aromatic and the imino resonances (T •= 50 |isec) .
NOESY (nuclear Overhauser effect spectroscopy) spectra in D2O were obtained in the pure absorption mode following the method of States, et al. 15 using the standard 90 o -ti-90 o -X m -90°-acquire pulse sequence 16 with presaturation of the residual HDO peak during the 2 sec recycle delay. Spectra were acquired with 2048 complex point3 in t2 and 228-45 6 ti values. The sweep width was 5000 Hz in both dimensions and 64, 128, or 192 scans were acquired per ti value. COSY (correlated spectroscopy) spectra were obtained with the standard 90°-ti-90°-acquire pulse sequence 17 except the second pulse was about 65°, and for the high salt/methanol sample the residual HOD and methanol-d4 peaks were alternately irradiated for 500 msec during the 2 second recycle delay. Other acquisition parameters were the same as for the NOESY. DQF-COSY (doublequantum filtered correlated spectroscopy) spectra were acquired as above with standard pulse sequences 18 and phase cycling for hypercomplex spectra 15 (spectra not shown). One-dimensional spectra were processed with the GE NMR software (GEM16). Two-dimensional spectra were transferred via magnetic tape or ethernet to a VAX 8800 or microvax II computer and processed with the NMR processing program FTNMR (Hare Research) . Processing parameters are indicated in the figure legends.
RESULTS
Spectra as. a. function o_f_ salt and solvent conditions. One dimensional spectra of d(br 5 CGbr 5 CGAATTbr 5 CGbr 5 CG) in D2O are shown in Figure 1 . Figure la shows the spectrum observed for the sample in low salt buffer (low salt form). Under these conditions the molecule adopts a B-DNA conformation similar to that observed for the unmodified dodecamer d (CGCGAATTCGCG) 19 (discussed below). Dramatic changes are observed in aqueous solutions containing high salt concentrations and methanol, and these changes are enhanced by the addition of MgCl2 (high salt/methanol form). Figure lb shows the spectrum obtained when the salt and solvent are changed to 1 M NaCl, 11 mM MgCl2, 50% v/v methanol-d,j/D2O. Under these conditions the molecule adopts a non-B-DNA conformation which will be discussed in detail below. The aromatic region of the spectra is Figure 2b contains .55 M NaCl and 50% methanol-d4. Under these conditions the sample contains a mixture of two different conformations, corresponding to the low salt B-DNA form and the high salt/methanol form, in slow exchange on the NMR time scale. Figure 2c is the aromatic region of the sample in Figure lb . Assignments of the aromatic resonances for this high salt/methanol form are indicated. These were obtained primarily by exchange spectroscopy 20 using the sample in Figure 2b , as discussed below.
NOESY spsnt-ra o_f the low. salt, form, A NOESY spectrum of the dodecamer in low salt solution is given in Figure 3 Sample conditions same as Figure 3 .
the antl conformation expected for B-DNA. The observed interbase crosspeaks from the methyl resonances (TeMe-T7Me, T7Me-A6H8) are indicative of a right-handed DNA conformation (box C). Sequential assignments were made via the base-Hl' crosspeaks and confirmed by base-H2 t ,H2" connectivities in NOESY and H1'-H2\H2" connectivities in NOESY and COSY (Figure 6a ) spectra. Assignments of the AH2 resonances were made by imino-AH2 NOES observed in NOESY spectra in water (spectra not shown). These assignments, along with H3' and H4' assignments obtained from COSY connectivities (not shown), are summarized in Table 1. NOESY spent ra af. thS. high, sa It /methannl form. A NOESY spectrum of the dodecamer in high salt/methanol solution is given in Figure  4 . Under these conditions, a portion of the sample aggregates and precipitates. In addition, the probe sensitivity is significantly decreased due to the high salt. Therefore the 3pectra obtained have worse signal-to-noise than the spectra obtained on the sample in low salt. However, several additional NOESY spectra were obtained at the same and other mixing times, as well as under different conditions, so we are confident that our assignments of the weak cros3peak are correct. The pattern of crosspeaks is significantly different from that observed for B-DNA. In particular, some very strong crosspeaks are observed in the base-Hl 1 region, indicative that some of the bases are in the syn conformation. In addition, the sequential interbase methyl crosspeaks are no longer observed. Since the structure of the molecule under these conditions was not known, and since sequential base-Hl' connectivities are not observed for this conformation, it is not possible to assign the resonances using standard procedures. Assignments were therefore made by exchange spectroscopy from the previously assigned low salt B-DNA form 23 .
Exchange spectroscopy for assignment of the hi9h salt/methanol form. A portion of a NOESY spectrum showing the aromatic resonances and their crosspeaka for the sample containing a mixture of the low salt and high salt/methanol conformation of the Nucleic Acids Research dodecamer is shown in Figure 5 . Most of the crosspeaks observed in this region of the spectrum under these conditions arise from exchange between the two conformations during the 250 msec mixing time. Assignments of the resonances arising from the low salt (B-DNA) conformation in this sample were obtained by extrapolation from the assignments obtained on the sample in low salt ( Figure  3 ). Some chemical shift differences are observed for the B-DNA conformation of the sample in low salt and the sample under these higher salt methanol conditions. This may be due to solvent effects, a slight change in conformation, and/or that the exchange rate is not quite slow (on the NMR time scale) under these conditions. In spite of these changes in chemical shift, we were still able to obtain the B-DNA assignments in this sample unambiguously, since sequential base-Hl' NOEs are also observed in this spectrum (not shown). Once the assignments for the B-DNA conformation were confirmed in this sample, the exchange crosspeaks among the aromatic protons were used to assign the aromatic resonances of the high salt/methanol form of the dodecamer. The exchange crosspeaks between the two conformations are connected by solid lines in Figure 5 . The methyl resonances were assigned based on their crosspeaks with their TH6s, and these assignments were confirmed by observation of exchange crosspeaks with the B-form. The HI 1 resonances in the high salt/methanol form were assigned as above, by observation of exchange crosspeaks with the previously assigned B-DNA form in the HI' region (not shown). Once the HI' resonances were assigned, the H2' and H2" resonances were assigned based on NOE crosspeaks to the HI' which are also observed in this spectrum (not shown). The H2' and H2" resonances were somewhat arbitrarily distinguished from each other on the basis of chemical shift, with the lower field resonance assigned •Assignments of H6, H8, H2, TCH3, and HI 1 resonances identified by exchange spectroscopy with low salt form ( Figure 5 ). "Assignments of H2 ' and H2 n resonances identified from NOESY crosspeaks with HI' proton resonances (Figure 4) . See text. 24 . The assignments obtained for the high salt/methanol structure are summarized in Table 2 .
CQSi spectra uf ths. two conformations. Portions of the COSY spectra of the dodecamer in low salt and high salt/methanol showing the region of crosspeaks between the HI 1 and H2',H2" resonances are shown in Figure 6 . In low salt, crosspeaks are observed between each HI 1 and its scalar coupled H2' and H2"; these crosspeaks are used to confirm sugar assignments obtained from NOESY spectra. The crosspeaks in this region for the sample in high salt/methanol are less well resolved, and several crosspeaks are either missing or weak. In particular, all of the CH1'-CH2" crosspeaks are weak or unobserved and all of the GH1'-GH2' crosspeaks with the possible exception of G2 are unobserved or weak. In contrast, strong NOESY crosspeaks between these protons are observed for all but G4. Thus the low intensity of these crosspeaks indicates a small coupling constant for the relevant protons. These differences in the Hl'-H2' and H2'-H2 n coupling patterns for the G and C sugars indicate that their sugar conformations are not the same (see discussion).
Base-Hi' HQESX stacked jilciS-Stacked plots of NOESY spectra of the base-Hl 1 crosspeak region of the dodecamer under two different solvent conditions are shown in Figure 7 . Figure 7a shows the regular pattern of weak inter and intrabase H8,H6-H1' crosspeaks normally observed for the antl conformation of bases in B-DNA. This region also normally contains strong CH5-CH6 crosspeaks, which are absent here due to bromination of the Cs at the 5 position. In marked contrast to the crosspeak pattern observed for B-DNA are the crosspeaks observed for the sample in high salt/methanol (Figure 7b . The cytosines, adenines, and thymines all show only weak intranucleotide base-Hl 1 crosspeaks in this spectrum. The T7H6-HI 1 crosspeak i3 particularly weak, and cannot be observed in this 3pectrura, but was observed in NOESY spectra taken with longer mixing times. The low intensity of these crosspeaks may be partially a result of conformational flexibility in the molecule under these conditions. Tmlnn proton spectra. Spectra of the imino proton resonances of the dodecamer in low salt and high salt/methanol at 40°C are shown in Figure 8 . At this temperature, for the B-DNA conformation (Figure 8a ), resonances are observed for all but the terminal G-C imino protons, with the three G-C iminos resonating between 12 and 12.8 ppm and the two A-T iminos between 13.5 and 13.8 ppm. Under high salt/methanol conditions (Figure 8b Imino proton resonances from the thymine bases in the sample under these conditions appear as two partially resolved resonances at around 13.7 ppm. One dimensional NOEs were obtained on the A-T iraino resonances in the high salt/methanol form (not shown). At this temperature, due to exchange with water, only weak NOEs are observed. (At lower temperatures substantially more B-DNA is present and the resolution in much poorer.) The A-T imino resonance at lower field showed an NOE to the AH2 resonance assigned to A5 while the A-T imino resonance at higher field showed NOEs to A5 and A6 as well as to the AH2s from the residual B-form DNA.
31 £ NMR spectra. 31 P NMR spectra of the dodecamer in low salt 25 . For this dodecamer, if the ends are Z and the middle is not, one would expect shifted phosphates from the two GpC steps to give an integrated intensity of 2:9 relative to the rest of the resonances. After subtracting out the estimated contribution from B-DNA resonance intensity, we get a relative integrated intensity of the peak at -2.3 ppm to the resonances between -3.6 and -5.2 Figure 6b . a Can't tell due to overlapping resonances ppm of approximately 1:8. Since we are unable at this time to assign these resonances, it is difficult to explain this ratio or the resonance at -3.2 ppm. We did observe that the intensity of the resonance(s) at -2.3 ppra was temperature dependent, with the relative intensity actually increasing (relative to the resonances arising from the high salt/methanol form) as the temperature decreased. This may indicate a temperature dependent mobility of the CG ends of the dodecamer under these conditions.
DISCUSSION
Con formal-inn of thS. rioriacamer in J^jw. salt. Analysis of NOESY spectra of d(br 5 CGbr 5 CGAATTbr 5 CGbr 5 CG) ( Figure 1 ) indicates that in low salt aqueous solution the dodecamer adopts a regular B-DNA structure. The chemical shifts of the unmodified bases and the pattern of NOESY crosspeaks are similar to those observed for the related unmodified dodecamer d (CGCGAATTCGCG) 19 . Since our primary purpose here was to investigate the structure of this dodecamer under conditions where part or all of the molecule might adopt a Z-DNA conformation, we have not attempted here to get a more detailed structure of the low salt, B-DNA conformation.
Con format, lonal transition between £h£. two forms. Addition of a combination of high salt and methanol to the dodecamer solution results in dramatic spectral changes which indicate that the molecule adopts an alternative conformation under these conditions. Addition of methanol alone (up to 50% v/v) to the solution in low salt does not significantly change the conformation of the DNA, although some spectral changes are observed. Addition of high concentrations of salt with no added methanol also does not effect the conformational change (spectra not shown). At intermediate salt concentrations in methanolic solution, such as in Figure 2b , both a B-DNA conformation and the alternative conformation are observed in equilibrium with each other in slow exchange on the NMR time scale. In 1M NaCl and 50% methanol there is about 60% of the alternative conformation (spectra not shown). Addition of 11 mM MgCl2 to that sample resulted in almost complete conversion to the alternative conformation (Figure lb, 2c) . Thus, addition of divalent cations significantly stabilizes the high salt/methanol conformation. Some residual B-DNA, in intermediate exchange with the high salt/methanol conformation at this temperature, appears as a broad background in the spectra. We were also able to effect the transition at lower NaCl concentrations by using higher concentrations of MgCl2 (up to 40 mM) (Figure 7b ), but this resulted in increased sample aggregation and precipitation.
The transition from B-form DNA to the high salt/methanol form was also temperature dependent, with the amount of the alternate conformation increasing with increasing temperature. For this reason, most of our analysis was done on samples at 40 °C.
The Siiaax and b^s_£ conformation in ths. ixlah salt /methanol fjuai. Crosspeak intensities in NOESY spectra of the high salt/methanol form of the dodecamer indicate that all four of the guanines are in the syn conformation, while the rest of the bases are anti (Figure 7b ). The alternation of anti cytosines and syn guanines is consistent with the br 5 CGbr 5 CG ends of the molecule adopting the Z-DNA conformation 11 . The anti conformation for all of the AATT bases in the center indicates that this part of the molecule is not Z-DNA. Further evidence for a Z-DNA conformation for the ends of the dodecamer and a non-Z-DNA conformation for the middle is obtained from the sugar Hl n couplings (Figure 6b ). In Z-DNA, the sugars are generally in the C2' endo conformation for the bases that are anti (generally cytosines) and in the C3' endo conformation for the bases that are syn (generally guanines) 2 . The C2' endo conformation is also the average sugar pucker for B-DNA. Sugar coupling constants for these two sugar puckers are Ji'2' ™ 9-5 and Ji'2 n ~ 5.8 for C2' endo and Ji'2' ** 1-5 and Jii2-m 7.7 for C3' endo 27 . In the Z-DNA conformation of d(br 5 CG)3, reported coupling constants for the internal guanines are about Ji>2' = 2.0 and Ji>2" -8.0 and those for the cytosines are about Ji-2 1 = 9-0 and Ji>2" -5.7 28 . The observed COSY crosspeaks and their qualitative intensities for the high salt/methanol form are summarized in Table 3 . The observed pattern of Hl'-H2' and Hl'-H2" crosspeaks is consistent with a predominantly C3'-endo sugar pucker for all of the guanines except the terminal G12 and a predominantly C2'-endo sugar pucker for all of the cytosines. This provides further evidence for a Z-DNA conformation for the br 5 CGbr 5 CG ends of the dodecatner. The sugar conformations for the internal AATT residues appears to vary somewhat but have an average around C2'-endo. Although the proton NMR data are consistent with a Z-DNA conformation for the CG ends of the dodecamer in high salt/methanol, the 31 P spectra indicate that there may be some deviation from a regular Z-DNA structure in these ends. Further work will need to be done to explain the phosphorus NMR results.
Basp pad H nq ±n ths. high aalt/mpthanni form. The above analysis of the base and sugar conformation establishes that in the br 5 CGbr 5 CG ends of the molecule the Gs are syn with a predominantly C3'-endo sugar pucker and the Cs are anti with a predominantly C2'-endo sugar pucker, consistent with a Z-DNA conformation for the ends of the molecule. In addition, it is clear that the AATT center of the dodecamer is not Z-DNA, since neither A7 nor T9 are in the syn conformation or have a C3'-endo sugar pucker, which would be expected if the Z-DNA conformation was propagated through the AATT tract. However, the structure of these bases is not clear. One possible conformation for the dodecamer which would be consistent with the results discussed in the preceding section would be a hairpin structure with a four base Z-DNA stem and a four base AATT loop (Scheme Id). Imino proton spectra of the dodecamer in high salt/methanol show two A-T imino resonances (Figure 8b ). These resonances appear at chemical shifts normally observed for hydrogen bonded A-T imino resonances 29 , and therefore indicate that the AATT tract is base paired. Observation of NOEs between the imino and their AH2 resonances indicates that these are Watson-Crick base pairs. If the molecule was in a Z-DNA (or B-DNA) hairpin, we would expect to observe the thytnine imino resonances at around 10-11 ppm. Based on steric considerations, we would not expect the adenines and thymines in the loop to be base paired or at most only A5-T8. Therefore, we conclude that in high salt/methanol the dodecamer adopts a conformation in which the br 5 CGbr 5 CG ends of the molecule have the base and sugar conformation observed in Z-DNA and the AATT center is not Z-DNA. Imp 1 d cat.dona for the structure of R-Z -hinrt Inn.i. Relatively little is known about the structure of junctions between Z and B-DNA. The structure of potential B-Z junctions in supercoiled plasmids has been probed by nuclease digestion, two dimenensional gel electrophoresi3, and chemical footprinting studies 9 ' 10 ' 30 " 36 . These studies and cited references have been variously interpreted to indicate that B-Z junctions are conformationally flexible, have different structures depending on sequence, may be up to several bases in length, and may contain anywhere from zero to several unpaired bases. Rang and Wells concluded, based on reactions of bromacetaldehyde with recombinant plasmids containing segments of Z-DNA, that B-Z junctions contain few, if any, unpaired bases 10 . However, Wells and other workers have more recently concluded that the junction does contain non-paired bases 32 ' 34 ' 35 . The results obtained here have some implications for the structure of B-Z junctions. First, the fact that the br 5 CGbr 5 CG ends of the molecule appear to form a Z-DNA helix implies that the junction region does not extend significantly into the Z-DNA forming part of the molecule. Second, the junction region does not contain any unpaired bases. Imino proton resonances are observed between 12 and 14 ppm for all of the thymines and guanines in the molecule, indicating that all of the bases are base paired. Third, the presense of a junction region appears to result in a higher flexibility or disorder than for B-DNA.
The length of the structural perturbation we would call a B-Z junction cannot be obtained from this molecule. The entire AATT region appears to be non-B-DNA, but since there is Z-DNA on both sides of the AATT tract and therefore two junctions, this places a lower limit of two base pairs for a B-Z junction. It is not clear to what extent the junction perturbs the Z-DNA ends of the molecule. Almost all of the base resonances show downfield shifts in high salt/methanol from their resonance positions in the low salt, B-DNA, form. In addition, the sequential A6H8-T7Me and T 7 MeTeMe connectivities observed in NOESY spectra of the B-DNA form are absent in the high salt/methanol sample. Sequential base-Hl'-base connectivities are also not seen, indicating some departure from standard B-DNA conformation. These chemical shift and NOE changes in the AATT tract imply considerable unstacking or unwinding of the DNA in this region. Interestingly, chemical probing of B-Z junctions with osmium tetraoxide led to the suggestion by Johnston and Rich that there was partial or transient unstacking of T and C bases in junction regions 31 . Some unwinding of the DNA in the AATT region (see reference to 6 below) would also be consistent with the results obtained here.
Sheardy and Winkle 38 have used CD and one-dimensional NMR spectra of the imino proton resonances and phosphorus resonances of a DNA hexadecanucleotide containing one potential B-Z junction in order to obtain information on B-Z junctions. They conclude that only three base pairs are involved in the junction and one of them is dramatically distorted. The base pairs in the junction are suggested by the authors to be the last two alternating m 5 C-G base pairs (7 and 8) in the Z-DNA end of the molecule and an adjacent A-T base pair (9). Since assignments of the imino protons at high salt (B-Z junction) were made on the basis of the low salt (B-DNA) assignments and the 31 P spectra are not assigned at all, and the arguments used for their conclusions are not clear to us, it is difficult to evaluate their data relative to our own.
Spqiienr.e speni f i cit.y of the B-Z transition. The results obtained here indicate that a regular Z-DNA structure is not propagated through four A-T base pairs in the sequence AATT even though they are flanked by Z-DNA. Wells and coworkers" have looked at runs of A-T base pairs inserted between (CG) n in supercoiled plasmids and assayed for the formation of Z-DNA using twodimensional gel electrophoresis and nuclease digestion studies. They concluded that consecutive A-T base pairs, whether alternating (TA)1-3 or (TT)i~2, could adopt a Z-DNA structure when flanked by alternating (CO3-5.
In contrast, our sequence (AATT) will not adopt the Z-DNA conformation when flanked by (br 5 CG)2-This difference may be due to the fact that we are using different techniques both to induce and detect the Z-DNA conformation. However, it is more likely that this is a real difference in the sequence specificity of Z-DNA formation. A notable difference in the sequences of A-T base pairs discussed above is that our sequence is the only one that begins and ends with an A-T base pair out of purine-pyrimidine alternation with the CG tract. Ellison, et al. 6 have looked at the ability of (TA) 4 to adopt the Z-DNA conformation when flanked by G-C base pairs. They found that in negatively supercoiled plasmids the two d(CG)6 portions of the insert which flanked the (TA)4 center adopted the Z-DNA conformation, while the (TA>4 formed an underwound structure with a helical repeat that appears to be intermediate between B and Z-DNA. Thus, they effectively also have two Z-DNA junctions which appear to alter the conformation of the (TA)4 center of the insert. This result is consistent with what we observe in our dodecamer for the AATT center under conditions where the ends of the molecule are Z-DNA.
CONCLUSIONS
In this work we have shown that under appropriate salt and solvent conditions the DNA dodecamer d(br 5 CGbr 5 CGAATTbr 5 CGbr 5 CG) adopts a conformation in which the br 5 CGbr 5 CG ends of the molecule are Z-DNA and the AATT center is neither B or Z-DNA. Although the conditions used to effect this transition from the B-DNA structure observed at low salt are not physiologically relevant, the qualitative results we have obtained on this structure are relevant in terms of the conformation of B-Z junctions and the sequence specificity of Z-DNA. We conclude that the run of four A-T base pairs in which the first and last are out of purinepyrimidine alternation with the br 5 CG part of the molecule are sufficient to disrupt the formation of Z-DNA, and instead adopt a conformation which is neither Z-DNA nor standard B-DNA. Although the AATT region has an altered structure from standard B-DNA, it contains no unpaired bases.
